The diffusion weighting factor (b-value) and echo time (TE) are two important parameters that influence quantitative measurements of diffusion tensor imaging (DTI). The present study employs a voxel-wise post-processing scheme to investigate the effects of b-value and TE on the reproducibility and accuracy of DTI-derived indices based on actual human brain data with commonly used imaging parameters. Five repeated DTI datasets of six b-values and five TE values were acquired from a healthy subject. The reproducibility and accuracy of axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD), fractional anisotropy (FA), and the principal eigenvector (PEV) are assessed by calculating the voxel-wise standard deviation, coefficient of variance, and difference of mean values from the reference DTI dataset acquired with number of excitations (NEX) = 15. The results show that the reproducibility and accuracy of AD, RD, MD, FA, and PEV are significantly impacted by b-value and TE, and that there is a significant difference between gray and white matter tissues. Therefore, the reproducibility and accuracy of DTI-derived indices depends on the b-value and TE for both gray and white matter.
Introduction
Diffusion tensor imaging (DTI) is a powerful magnetic resonance imaging technique that characterizes tissue architecture of the central nervous system through the quantitative measurement of three-dimensional water diffusion in vivo [1] . In human white matter tissue, water diffusion is restricted by the axonal structures and diffusivity in the direction parallel to axons is larger than that in the direction perpendicular to them [2, 3] . In gray matter tissue, the diffusion appears relatively isotropic due to its complex tissue architecture with multiple orientations. To quantify the diffusion property and characterize tissue microstructure, axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD), fractional anisotropy (FA), and the principal eigenvector (PEV) are widely utilized to study the integrity and architecture of neuronal fibers [4, 5] .
Diffusion measurements consist of a large number of imaging parameters, which have been shown to have a significant impact on the DTI results. These include the diffusion weighting factor (b-value), echo time (TE), signal-tonoise ratio (SNR), voxel size, and number of diffusion directions. Previous simulation-based studies demonstrated that the SNR and b-value are two of the most influential factors for the measurements of FA, MD, and fiber orientations. However, investigations on the effects of b-value and TE on the measurement of DTI indices used simulation [6] , animal [7, 8] , or human studies [9, 10] of limited brain areas, and the degrees of effects of b-value and TE on DTI indices for gray and white matter of the human brain were not compared.
It is known that manual region of interest (ROI)-based analysis might be biased due to discrepancy between operators. Therefore, the present study employs a voxel-wise postprocessing scheme, which is free of operating errors, to investigate the effects of b-value and TE on the reproducibility and accuracy of DTI-derived AD, RD, MD, FA, and PEV based on in vivo human brain images obtained using a 1.5-T magnetic resonance (MR) scanner.
Materials and methods

Data acquisition
A healthy male volunteer aged 26 years old who had no history of brain disease participated in this study. Local Institutional Review Board approval and written informed consent were obtained prior to data acquisition. All data were acquired using a 1.5-T MR scanner (Intera, Philips Medical Systems, Best, The Netherlands) with body coil excitation and a six-channel phased array head coil for signal reception. The b-value and TE scanning sessions as well as five additional DTI datasets were performed separately over 3 days (one experiment per day) with the subject repositioned. The parameters, except b-value and TE, were identical in all DTI acquisitions using a single-shot spin-echo echo-planar pulse sequence with repetition time (TR) = 3310 ms, SENSE factor = 2.0, number of slices = 20, slice thickness = 2.5 mm, matrix size = 96 × 96 zero-filled to 256 × 256, field of view = 240 × 240 mm 2 . The gradient strengths were 9.8, 13. 
Data processing
All data were transferred to a stand-alone workstation and processed offline using FSL (FMRIB Software Library, Oxford, UK). The diffusion-weighted images (DWIs) of each dataset were first co-registered to the b0 image using FLIRT (FMRIB's Linear Image Registration Tool) 12-parameter affine registration with a cost function of mutual information to minimize eddy current distortions induced by strong diffusion gradients [11] . All DTI datasets were then co-registered with each other using the RADAR (Robust Automated DWI Adaptive Registration) approach to remove inter-scan rigid body motions [12] . The gradient tables, which specify the directions of the diffusion gradient applied to acquire corresponding DWIs, were corrected by their corresponding rotation matrices to compensate for the rotational movements between scans. A brain mask obtained by FSL BET (Brain Extraction Tool) was utilized to remove the scalp signal and background noise prior to diffusion tensor computation. Subsequently, the diffusion tensor was fitted on a voxel-byvoxel basis to obtain three eigenvalues (λ1, λ2, λ3) and three corresponding eigenvectors (e1, e2, e3) as well as FA maps:
(1)
The first eigenvector which corresponds to the largest eigenvalue, defined as PEV, was used to assess the fiber orientations as well as to generate color map FA images by assigning red to left-to-right, green to anterior-to-posterior, and blue to superior-to-inferior fiber orientations modulated by the FA value. Moreover, to provide a benchmark for comparisons of AD, RD, MD, FA, and PEV orientations between the DTI datasets, fifteen DTI datasets with b-value = 750 s/mm 2 and TE = 100 ms were concatenated without being averaged to serve as the reference DTI data, whose AD, RD, MD, FA, and PEV maps were used as references for the comparison of those in all DTI datasets.
Data analysis 2.3.1 Reproducibility of AD, RD, MD, and FA values
This study assessed the reproducibility of AD, RD, MD, and FA by using the standard deviation (σ(AD), σ(RD), σ(MD), and σ(FA)) and coefficient of variation (CV(AD), CV(RD), CV(MD), and CV(FA)) measured in five repeated DTI datasets on a voxel-by-voxel basis [13] , defined as standard deviation divided by the mean AD, RD, MD, and FA values of the five repeated datasets.
Differences of AD, RD, MD, and FA values from the
reference DTI dataset Since AD, RD, MD, and FA values are b-value-dependent [9, 14] , it was difficult to define the gold standard DTI dataset. 
Reproducibility and accuracy of PEV orientation
The reproducibility and accuracy of PEV orientation were estimated using the angular variance (AV) and angular bias (AB) metrics, respectively, measured in five repeated datasets on a voxel-by-voxel basis [13] . The angular variance, in degrees, of a PEV in N measurements is given by measurement
where PEV i is the individual of a PEV, and PEV is the normalized vector sum of all PEV components. The angular bias is defined as the angular difference between individual PEV and PEV ref , calculated as:
where PEV ref is measured from the reference DTI data.
Comparisons of the effects of b-value and TE on gray and white matter
In this study, the gray and white matter regions were segmented based on the reference DTI dataset using the following criteria: FA ref 
Results
Effects of b-value and TE on AD, RD, and MD
Figures 1a and 2a show the σ(MD) maps as a function of b-value and TE, respectively. The σ(MD) maps show that the variations of MD greatly decrease with increasing b-value, and that a shorter TE helps to further reduce the variations, though slightly. Similarly, the whole brain CV(MD) maps show that the variations of MD decrease with b-value but slightly increase with TE, as shown in Figs. 1b and 2b , respectively. Compared with the reference DTI dataset, the Δ(MD) maps show that the MD globally decreases with b-value but increases with TE, as shown in Fig. 1c and Fig. 2c , respectively.
The mean CV(AD), CV(RD), and CV(MD) for gray matter decrease gradually with b-value from 11.3%, 14.3%, and 11.6% at b-value = 250 s/mm 2 
Effects of b-value and TE on FA
The voxel-wise analysis shows that the whole brain σ(FA) generally decreases with b-value and increases slightly for b-value > 1000 s/mm 2 , as shown in Fig. 3a . The TE comparison
shows that longer TE leads to increased σ(FA) due to the reduced SNR, as shown in Fig. 4a . There is a spatial difference across all σ(FA) maps. The central brain regions exhibit larger FA variation than that of peripheral regions, which is attributed to the lower sensitivity at the center of the phased-array coil used for the parallel imaging. Compared with the reference DTI dataset, the mean |Δ(FA)| of gray and white matter decreased significantly from 0.046 and 0.037 to 0.03 and 0.026, respectively, when TE was shortened from 120 to 80 ms. The lowest |Δ(FA)| was found at TE = 80 ms for both gray and white matter. Differences between TE = 100 and 110 ms for both gray and white matter were not statistically significant.
Effects of b-value and TE on PEV orientation
For PEV orientation, Fig. 5b shows that the whole brain AV decreased gradually with b-value. When TE was changed from 120 to 80 ms, the whole brain AV decreased slightly, as shown in Fig. 6b . The AB maps show that the deviation of PEV generally decreased with b-value and that variation with TE is more consistent, as shown in Figs. 5c and 6c respectively. In general, AV and AB for white matter are less than those for gray matter due to the fact that tissue architecture in white matter is more highly oriented and less vulnerable to system noise compared to that in gray matter. In the TE comparison, the mean AB increased with TE monotonically and significantly, from 12.1 and 4.8 degrees at TE = 80 ms to 14.1 and 5.9 degrees at TE = 120 ms, respectively. The lowest AB for both gray and white matter was obtained at TE = 80 ms, but the difference is not statistically significant between TE = 80 and 90 ms for white matter (p = 0.56).
Discussion
This study found that the reproducibility and accuracy of AD, RD, and MD are impacted by b-value and TE. A previous study demonstrated that the water diffusion of brain tissue consists of fast and slow diffusion, and that the diffusion signal was better fitted using a bi-exponential decay function [15] . However, human DTI studies usually perform two b-value DTI fittings on the diffusion signal, i.e., mono-exponential decay function, to reduce acquisition time. As a result, the measured AD, RD, and MD values decrease with b-value, which is in line with the previous findings [9, 10, 16] . With regard to TE effects, this study found that the AD for gray and white matter and the RD for gray matter increased with TE, whereas the RD for white matter did not change with TE. The effects of TE on AD and RD can be explained by a previous simulation study that found that transverse diffusion decreases with t D for white matter for t D < 15 ms, when the water molecules began to reach the boundary of cell membranes, but tends to be constant for t D > 30 ms, when the interactions of water molecules with surrounding tissues have already begun. In contrast, longitudinal diffusion is unrestricted and increases slightly with t D for white matter [17] . These theoretical experiments support the current findings that AD increases with t D and that RD remains constant with t D for white matter tissue. Moreover, this study found that MD variations were minimized at b-value = 2000 s/mm 2 for both gray and white matter, which may support a previous finding that using a higher b-value improves sensitivity in detecting white matter alterations caused by diseases [8] .
Apart from the diffusion measurements, the reproducibility and accuracy of FA were both improved by increasing b-value, but deteriorated for b-value > 1000 s/mm 2 .
This is attributed to the trade-off between diffusion contrast and system noise. At lower b-values (250-1000 s/mm 2 ), the amount of diffusion weighting dominates DTI so that the reproducibility and accuracy of FA improve steadily. With increasing b-value, the influence of system noise on FA measurement becomes dominant and the reproducibility and accuracy of FA decrease slightly [6] . As expected, the TE simply impacted the reproducibility and accuracy of FA monotonically. Therefore, it is always preferable to use the minimal TE in DTI acquisition. However, practically, the amount of eddy current may also increase as the 180 degree RF pulse and data acquisition approaches to the diffusionweighting gradients. Some measures to reduce eddy current, such as the dual-refocusing sequence [18] , lengthen TE as a trade-off. In this paper, the impact of the eddy current was not assessed and thus it cannot be concluded that the shortest TE always gives the best image quality. In this study, the reproducibility and accuracy of FA were optimal at b-value = 1000 s/mm 2 for a given TE, and could be further improved by minimizing TE. In PEV analysis, AV and AB were generally larger for gray matter than for white matter due to the fact that white matter tissue is more highly oriented. The reproducibility of PEV orientation for both gray and white matter was optimal at b-value = 1000 s/mm 2 for a given TE, and could be further improved by minimizing TE. Of note, the accuracy of PEV for both gray and white matter increased monotonically with increasing b-value and decreasing TE in DTI. The PEV measurement obtained using b-value = 2000 s/mm 2 and the shortest TE exhibited the highest accuracy. Since PEV orientation is widely utilized to trace neuronal fiber tracts, the results of PEV may speculate the effects of b-value and TE on the reproducibility and accuracy of fiber tracts obtained by using PEV-based fiber tracking algorithms [19] . The SNR was demonstrated to influence the measurement of MD values for both gray and white matter [13] . Higher b-value and longer TE result in lower SNR in DTI due to more diffusion attenuation and T2 relaxation, respectively. Therefore, the effects of b-value and TE on the AD, RD, and MD measurements are partly attributed to the effects of SNR in this study. Specifically, the variations of AD, RD, and MD for both gray and white matter were reduced by shortening TE due to the fact that shorter TE improves the SNR in DTI images [7] . Although higher b-value led to lower SNR in DWI, the variations of AD, RD, and MD still decreased with b-value, suggesting that the overall SNR of 30 DWIs remains sufficiently high. However, for b-value > 1000 s/mm 2 , the variations of AD, FA, and PEV tend to increase slightly with b-value for white matter, with SNR beginning to dominate the measurements of AD, FA, and PEV. In addition, this study found that AD, RD, and MD variations for gray matter were larger than those for white matter, which might be explained by the fact that gray matter has larger diffusivity, hence exhibiting lower SNR than that of white matter. This study compared the reproducibility and accuracy of AD, RD, MD, FA, and PEV in DTI for NEX = 1, so the changes in the DTI indices shown in this study were mainly affected by b-value and TE. This study found that the effects of b-value and TE on DTI indices are significantly different for gray and white matter. For clinical study, higher reproducibility is always preferable because less variation of DTI indices can help detect subtle tissue alterations caused by diseases. The highest reproducibility of FA, MD, and PEV were obtained at b-value = 1000 or 2000 s/mm 2 , indicating that the optimal b-value is not identical for the measurements of the DTI indices obtained at 1.5 T. However, the effects of b-value and TE on DTI indices are likely different at 3 T because higher field scanners have inherently higher SNR and are equipped with a higher-performance gradient system that can generate larger b-values even at shorter TE. Hence, the optimal b-value might be shifted and needs to be further investigated for clinical scanners with different field strengths and gradient systems. This study used a voxel-wise post-processing scheme to demonstrate the effects of b-value and TE on DTI indices of the human brain. The obtained results are generally in agreement with those in previous studies, indicating that voxel-wise analysis is suitable for investigating the effects of b-value and TE on DTI indices. Many DTI studies have used these metrics for various neuronal diseases, so the effects of b-value and TE should be taken into account when comparing the DTI indices with previous results or with other DTI datasets acquired at different b-values and TE values.
Conclusion
This study investigated the effects of b-value and TE on the reproducibility and accuracy of DTI-derived indices obtained at 1.5 T, and found that both b-value and TE notably impacted the reproducibility and accuracy of the DTI indices in both gray and white matter regions. The post-processing scheme used in this study is suitable for analyzing the effects of b-value and TE on reproducibility and accuracy of DTI-derived indices.
